Abstract. In vivo imaging of small animal models will play an increasingly important role in cancer research, as new imaging systems that employ non-invasive protocols and offer high-resolution capability become available. A flatpanel volumetric computed tomograph (fpvCT) was evaluated to determine if minimally invasive protocols can be used to provide the spatial resolution required for lung imaging in small animals. The detection of small pulmonary nodules in a Lewis carcinoma model was investigated, and fpvCT was compared with a multislice computed tomograph (MSCT). Five C57/BL6 mice with Lewis lung carcinoma were monitored with both modalities over two weeks. Sensitivity of the systems was measured by comparing the results with histology, and the incidence of first visualization of the tumors in the two systems was determined. Compared to MSCT, fpvCT proved its superior sensitivity in detection of lung nodules. Due to its isotropic resolution and a significant reduction of partial volume effects, early detection and reasonable determination of growth in very small tumors was only possible with fpvCT. fpvCT is a high-resolution imaging system that proved its ability to perform in vivo monitoring of a pulmonary lung tumor model in mice. This permits longitudinal investigations in small animals for cancer research.
Introduction
Tumor models with human cell lines have now been developed, and novel therapeutic approaches such as antiangiogenic and genetic therapies are becoming available. These factors create an increased need for the development of high-resolution in vivo imaging technologies that can be applied to small animal models for tumor screening and volumetry. Longitudinal studies could play a significant role in cancer research, because these can provide information well beyond morphology at a single time-point. However, longitudinal studies should employ minimally invasive protocols. Therefore, imaging systems with high spatial resolution, short scan times, and low radiation dose are required.
High-resolution magnetic resonance imaging (MRI) systems have already been demonstrated for this purpose (1) . Major disadvantages are long acquisition times and limited field-of-view, depending on the required resolution. Microcomputed tomography (μCT) systems provide high spatial resolution, but the x-ray technique required to produce image quality that allows utilization of this resolution introduces some risk of high radiation dose to the animal (2) . Furthermore, the long acquisition times result in high susceptibility to motion artifacts, require a long duration of anesthesia, and prohibit measurement in apnea for the entire scan duration. Good image quality and high spatial resolution can be demonstrated for respiratory-gated and ex vivo investigations, but these strategies are complicated or impossible to use for longitudinal, intraindividual studies of tumor growth or therapy response (1, 3) .
A recent review by Schuster et al (4) provides an overview of the available methods for small animal lung imaging. None of the tools are satisfactory for quantitative and longitudinal monitoring of small lung nodules. These disadvantages have now been overcome with the recently introduced flat-panel volumetric computed tomograph (fpvCT) (5) . This provides 3D isotropic spatial resolution of up to 25 lp/cm at 10% MTF, which is adequate for studies of small structures such as pulmonary nodules in mice. Furthermore, the relatively short scanning time enables brief anesthesia with the option of follow-up investigations. The aim of our study was to optimize the scanning protocol in small animal lung investigations and to compare the fpvCT with a clinical multislice system. The sensitivity of both systems was evaluated by comparing the last scan of the animal with histological investigations, performed immediately following the scan.
Materials and methods

Animals.
The experiments were performed in accordance with the National Institutes of Health Guidelines on the use of laboratory animals. Both the University Animal Care Committee and the Federal Authorities for Animal Research of the Regierungspräsidium Giessen (Hessen, Germany) approved the study protocol. Five adult (5-7 weeks) C57BL/6N mice (Charles Rivers, Germany) were inoculated with Lewis lung carcinoma (LLC1) via intratracheal injection of 1x10 6 cells. LLC1 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA). The cells were routinely cultured in tissue culture flasks containing RPMI-1640 medium (PAN biotech GmbH, Germany) supplemented with 2% FBS (Fetal Bovine Serum, Greiner bio one, Germany), penicillin (100 U/ml), and streptomycin (0.1 mg/ml; Gibco, Germany), maintained at 37˚C in a humidified atmosphere containing 5% CO 2 in air. For scanning, the animals were anesthetized with an intraperitoneal injection of 0.05-0.1 ml solution containing 0.1 ml Rompun 2% (Bayer, Leverkusen, Germany), 0.1 ml Ketavet 100 mg/ml (Pharmacia GmbH, Erlangen, Germany) and 0.2 ml NaCl. The mice were investigated with both scanners using the same anesthesia (6) . All cell culture studies and animal experiments were performed by the author (RS).
Multislice computed tomography. MSCT imaging was performed on a Somatom Plus 4 Volume Zoom scanner (Siemens, Erlangen, Germany) using 120 kV and 320 mAs, a technique equivalent to that used for the fpvCT. For image reconstruction a high-resolution kernel was applied (U90). Images with 0.5-mm slice thickness and 0.5-mm spacing were acquired in a step and shoot scanning mode (7) .
Volumetric computed tomograph. The volumetric computed tomograph (fpvCT) was developed by General Electric Global Research Center (Niskayuna, NY, USA). In this experimental system, a clinical CT X-ray tube is mounted on a standard rotating gantry. The X-ray source, which can be operated over the range of 70-140 kVp, is collimated to produce a cone beam, which irradiates an amorphous silicon flat-panel detector with a 1024x1024 matrix of 200 μm pixels. The subject is placed on a sample holder that is mounted to a standard patient table, and is stationary during the acquisition, while the gantry rotates around it. Rotation times can range from 2 to 8 sec, and 500-2000 views can be acquired during one rotation. One gantry rotation typically covers 4.3 cm in the z direction. For additional z coverage, the table translates further into the gantry bore for each rotation (5,7). Images are reconstructed using a cone-beam algorithm with various kernel options, into an arbitrary matrix size of arbitrary voxel sizes. System spatial resolution has been measured to be 25 lp/cm at 10% MTF using a 25-μm tungsten wire.
For this study, 120 kVp and 40 mA were used, and 1000 views were acquired in an 8-sec rotation. A single rotation covered 4.3 cm, sufficient for the mouse thorax. All reconstructions used the edge-defining kernel and 50 μm Though the animal was freely breathing, the spine and ribs were much better delineated in fpvCT than in MSCT. The small nodule detected in fpvCT on day 9 is not visible in the corresponding image from MSCT (arrows). For the nodules seen with both modalities, a superior delineation of the tumor border is presented in fpvCT. Figure 3 . Display of coronal reformatted images of datasets acquired with fpvCT (upper row) and MSCT (lower row). The first tumor nodules were detected with fpvCT on day 9 (white arrows), while these nodules were not visible at that time in MSCT images. Tumors were visible at day 11 in MSCT images, although the small nodules were still not visible in later stages, as they were in fpvCT images (open arrow). All tumors were much better delineated in fpvCT images and at all time-points. The coronal reformatted images from MSCT appear to be blurred, which is caused by anisotropy (less resolution in the z direction than in plane).
Correlation between fpvCT and MSCT. The animals were scanned before tumor induction and on days 3,5,7,9,11,13. Two observers (SG,JW) assessed the scans in consensus, blinded to the image source (modality and time point). Axial slices of each follow-up scan were compared with the baseline (before tumor induction). Tumor diameter and location were recorded.
Correlation between fpvCT, MSCT and histology. To evaluate the sensitivity of the imaging systems using histology as a gold standard, the lungs were harvested and investigated in histology after hematoxylin and eosin staining immediately following the last scan. For better orientation and correlation coronal slices were used. One investigator (RS) evaluated the results, blinded to the scanning results.
Results
Images from both modalities were free of major motion artifacts; overall image quality was therefore found to be adequate for both. Comparing axial slices from the two systems, higher spatial and therefore anatomical resolution was obvious in fpvCT images. Bronchial structures were clearly delineated and distinguished from pulmonary arteries, pulmonary veins and lung parenchyma in fpvCT images. The bronchial system and the whole lung could be tracked from its outlet for three-dimensional segmentation (Fig. 1) . The four segments of the right lung could vaguely be distinguished in fpvCT, especially in cases of pleural effusion, while there was no differentiation possible with MSCT. Pulmonary nodules were far better delineated in fpvCT compared to the clinical scanner. Small nodules, which were frequently attached to pulmonary arteries, were most easily detected in coronal reformatted images. Since fpvCT produces isotropic resolution, equally high resolution was permitted for axial images or any reformatted slice (Figs. 2 and 3) . Therefore a better delineation and detection of tumors in coronal planes was possible, as the nodules could be distinguished from the pulmonary arteries, which were visualized from their origin in the pulmonary artery to the periphery. The tumors showed preferable growth along the pulmonary arteries and were therefore more readily observed in coronal slices.
In Table I the time-point of lung nodule detection is stated in MSCT versus fpvCT and finally the results on the last scan are opposed to investigation in histology. Tumor inoculation was successful in four mice (Mouse 2 to Mouse 5 in Table I ), visualized in longitudinal imaging and proven in histology. Both imaging modalities revealed a good overall specificity of 100%. In one mouse (Mouse 4) on day 9 tumor growth was detected in fpvCT, but this could not be proven in the following scan. Therefore probably infiltrate or atelectasis was mistaken for tumor tissue. Comparing the scans on day 11 with the subsequently performed histology, scanning with MSCT resulted in a sensitivity of 50% compared to 83% in fpvCT (calculated separately for the left and right lung. Therefore, MSCT was 60% as sensitive as fpvCT (.50/.83 = .6). Because no mice were sacrificed prior to the end of the study, images taken prior to day 11 could not be compared with ex vivo investigation, and therefore a gold standard was not available for these time-points. The only possible comparison was between MSCT and fpvCT. All tumors detected in both modalities could be followed in their growth and were confirmed in the final investigation with histology. However, confirmation of tumor inoculation was provided earlier by fpvCT. We found that in relative terms, sensitivity in MSCT compared to fpvCT was 50% when calculated for each lung and day of scanning.
In addition to tumor monitoring and proof of successful tumor inoculation, side effects from tumor growth like pleural effusions and complications of intubation and tumor instillation were detectable. Pulmonary infiltrates in the early course of the disease and pneumo-mediastinum and pneumothorax were observed.
Correlating the histological slices with images from fpvCT, we estimate the lower limit on tumor detectability to be 0.2 mm in diameter (Fig. 4) . However, it is possible that the shrinking that results from histological preparation might have influenced this result. Volumetric measurements can be easily obtained from the 3D fpvCT datasets, if there is good delineation between the tumors and any blood vessels to which they may be attached (Fig. 5) . In our intratracheally induced tumor model a distinct delineation of tumor against pulmonary vessels is only vaguely possible, or sometimes impossible. An easier approach is the volumetric measurement of peripheral tumors that are well delineated from the surrounding tissue as seen in metastatic tumor models.
Discussion
Only a few reports about longitudinal studies of lung disease in mice can be found in medical literature (1, 8) . Although there is an increasing need for methods to investigate tumor Table I . Lung nodule detection in MSCT versus fpvCT.
Day 3 Day 5 Day 7 Day 9 Day 11 Histology
The results for the left and right lung of the five mice are tabulated for each day of investigation with fpvCT and MSCT, and finally for histology on the 11th day after tumor implantation. + indicates nodules were detected with fpCT but not MSCT, ⊕ indicates nodule detection with both fpvCT and MSCT, and the presence of nodules found with histology is shown by •. Except for Mouse 4, all tumors were detected earlier in fpvCT. Sensitivity was superior in fpvCT compared to MSCT in the end-point of the investigation, while the specificity was 100% for both systems.
-
models, the lung is difficult to assess with conventional imaging techniques (4, 9) , where a limiting factor is susceptibility to motion artifacts. The most promising modality is computed tomography, offering short scanning times and satisfactory soft tissue resolution in the lung due to the high contrast.
Short scanning times permit investigations in a short breath hold, using intubation. However, intubation is a very invasive procedure, which introduces risk of harming the animals and compromising the study, especially when investigating a pulmonary disease model with repeated scanning. To avoid There is no obvious difference in resolution in the three planes. This nodule was measured to be 0.7 mm 3 . A semi-automated threshold-based algorithm was used for segmentation in the post-processing software.
this situation, we investigated the animals freely breathing. Thoracic movement was minimized by use of anesthesia with a muscle relaxant. No motion artifacts that interfered with image evaluation were observed in either fpvCT or MSCT, though slight blurring of the diaphragm indicated residual movement.
Compared to MSCT, fpvCT demonstrated a significant increase in sensitivity to small lung nodules. Therefore, fpvCT is useful for cancer research in small animals, to provide important information on lung cancer models. This information is (i) early verification of successful tumor induction, (ii) quantification of tumor growth, (iii) observation of possible complications (pneumonia, atelectasis) and most importantly (iv) evaluation of response to therapeutic approaches.
In addition to lung nodule monitoring, fpvCT is suitable for detection and characterization of structural lung pathologies such as emphysema or fibrosis (7). Furthermore, fpvCT has the ability to obtain functional information such as tumor perfusion, which was already reported for other modalities in subcutaneous tumors (10, 11) . Morphological imaging of angiogenesis in a subcutaneous tumor model has been demonstrated (5) to be feasible with fpvCT, but visualization of the vessels within lung tumors is much more challenging, due to thoracic motion and the small tumor size. However, it would be helpful to get an indirect indication of angiogenesis in an orthotopic tumor model using perfusion imaging, especially to study anti-angiogenic approaches in tumor therapy (12) .
In combination with other functional imaging modalities, fpvCT would be valuable to locate and quantify tumors. FpvCT could provide high-resolution morphological information that complements the functional information obtained from tomographic modalities with less resolution, such as PET and SPECT (13) (14) (15) (16) (17) , or planar modalities such as optical imaging (18) (19) (20) (21) .
In conclusion, this study demonstrates that the flat-panel volumetric computed tomograph is a novel tool that proved its feasibility in detection and quantification of lung nodules in mice. Therefore it is a promising, valuable tool in cancer research. In our study, superiority to MSCT was clearly demonstrated. For future development, functional investigations with fpvCT would be helpful to evaluate angiogenesis in pulmonary nodules and potential success of antiangiogenic therapeutics.
